In this paper, we perform combination methods of semi-empirical research, a theoretical approach, and force-matching to determine the optimum adsorption capacity on an open-ended single-walled carbon nanotube (SWCNT) as a diameter function. Using a semi-empirical study, we can determine the value of monolayer coverage and isosteric heat of adsorption from available thermodynamic data. By completing the semi-empirical study, we carried out quantum mechanical calculations to determine the adsorption energy on the interior and exterior of SWCNTs. Furthermore, monolayer coverage, specific surface area, and maximum adsorption capacity as the main quantity in the adsorption process was estimated using the combination method of force-matching and a classical Lennard-Jones potential model. Hydrogen physisorption was investigated on zig-zag SWCNTs at conditions for a pressure range of 0.1 to 10 MPa at 233 K and 298.15 K temperature. The adsorption of all data can be explained with the Toth model. The results shows the SWCNT exterior physisorption energy range between 1.35 to 1.62 kcal/mol. The interior range from 1.22 to 2.43 kcal/mol. With a wide degree of temperature and pressure variations, we obtained an optimum SWCNT diameter of 8-12 Å . At the optimum diameter maximum adsorption capacity, we achieved 1.75 wt% at 233 K and an operating pressure of 10 MPa.
INTRODUCTION
Hydrogen has attracted attention in recent decades due to the success of the "Hydrogen Economy"; it is renewable, highly efficient, sustainable, clean, and lightweight (Gayathri et al., 2010) . Its thermal efficiency is higher compared to fossil based energy, and it is more environmentally friendly. The supply of hydrogen is sustainable, and it can easily be produced from others substances that contain hydrogen. These advantages have made hydrogen the most promising energy source of the future (Satyapal et al., 2007) .
Storage is the main obstacle keeping hydrogen from being massively applied. Recently, the US Department of Energy (DoE) determined that before 2017, hydrogen storage gravimetrically should achieve 5.5 wt% with a volumetric density of 40 kg/m 3 on 233 to 353 K and an operation pressure of 10 MPa. To meet this target, extensive research was conducted to find optimum ways to store hydrogen (Chen & Huang, 2008) . Nowadays, compressed hydrogen (Zheng et al., 2012) or liquefaction are the most common ways to store hydrogen. Both are expensive, unsafe, volumetrically inefficient, and have high losses due to evaporation (Zhou, 2005) . Metal hydride has high storage capacity, but production costs are expensive-and it needs a high temperature to relase the hydrogen. Hydrogen can also be stored chemically bonded in covalent and ionic compounds, but technically, both methods have serious drawbacks (Hamilton et al., 2009 ).
These problems can be solved if same amount of hydrogen can be stored in lower pressure at ambient temperature. This can be done by adding adsorbent material to the storage tanks. In recent years, hydrogen storage materials are focused to metal hydrides (Luo et al., 2007) , chemical hydrides (Biniwale et al., 2008) , and physisorption-based storage. Carbon-based nano structured holds play an importamt role in these processes (Barghi et al., 2014) . Among the various hydrogen storage options, only storage in solid state materials seems promising (Sankaran & Viswanathan, 2007) due to reversibility, fast kinetics, and high capacities (Qiu et al., 2014) . Among these, a carbon nanotube (CNT) has a number of favorable values, such as a porous nature, high surface area, vacancy space, high stability, and the fact that it is lightweight (Knippenberg et al., 2008) .
The existence of adsorbent material may attract hydrogen gas molecules to its surface. Many researchers have searched for the best adsorbent material to store hydrogen gas molecules. CNT is one promising candidate. Its capability to store hydrogen was first investigated by Dillon et al. (1997) . They stated that CNTs can store hydrogen gas up to 10 wt% at room temperature. This inspired further research worldwide. Yet the other experimental and theoretical research results didn't agree with Dillon's. Liu stated, for example, that synthesized SWCNTs can only store up to 2.4 wt% hydrogen gas at ambient temperature with a pressure of 100-120 bar ( Liu et al., 1999) . Even after heat treatment on SWCNTs, hydrogen uptake only increased to 4.2 wt%.
More recent research by Xu et al. ( 2007) states that hydrogen uptake is much lower than Dillon's and Liu's calculations. At an ambient temperature of 303 K and pressure of 100 bar, the hydrogen uptake was only 0.31-0.48 wt%. Guay et al. (2004) report hydrogen storage results in various types of carbon nanostructures using classical Monte-Carlo simulation. The findings indicate very low hydrogen uptake (below 1 wt% at 293 K) and pressures up to 10 MPa on SWCNT and multi-walled carbon nanotubes (MWCNTs) (Guay et al., 2004) .
Until now, it could be said that without improvements, hydrogen storage in carbon nanostructures will not meet practical targets (Shevlin & Guo, 2008) . Some theoretical and experimental studies, though, have been and are being carried out intensively to increase the storage capacity of hydrogen in CNTs through: structural optimization, controlling parameters (Zolfaghari et al., 2007) , and metal doping/substitution (Reddy & Ramaprabhu, 2007) . Another way to increase the adsorption capacity is to modify the CNTs to possess new characteristics or obtain completely new material. New materials receiving attention include boron carbide, boron nitride, and carbon nitride.
Cheng et al. investigated the diameter effects and chirality on hydrogen adsorption in SWCNTs using molecular dynamics simulation. Cheng focused on what diameter range and chirality for hydrogen adsorption is most energetically favorable. Cheng reported that to achieve 6.5 wt% at ambient temperatures, up to 7,500 atm pressure is needed. Pressure of up to 1,000 atm is needed on 11.8 Å diameter SWCNTs. Cheng concluded the optimum diameter for a SWCNT is about 6 Å (Liu & Cheng, 2005) .
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The research method for the optimization of hydrogen storage capacity will be conducted by combining results from a semi-empirical study, quantum mechanics calculations, and a theoretical approach. As shown in Figure 1 , Langmuir adsorption constants (b) are one of the main factors that represent SWCNT characteristics and performance. Sticking coefficient (α) and heterogeneity parameter of adsorbent (t) can be calculated empirically. Having obtained the values of (b) and (t), adsorption energy was calculated as a function of the SWCNT diameter. Hydrogen physisorption energy was investigated using ab-initio calculations and forcematching. Through the relationship adsorption potential of SWCNTs, Langmuir constants, sticking coefficient, (α), and equilibrium pressure can theoretically be estimated as a value of monolayer coverage (θ). The next step is to determine the specific occupancy area of adsorbate, , and specific surface area (SSA) of adsorbent, . The maximum adsorption capacity of hydrogen in various SWCNTs was calculated as a function of diameter. Adsorption capacity was analyzed at various temperatures and pressures to get the optimum SWCNT diameter. In this paper, the investigation was carried out in a pressure range of 0.1 to 10 MPa at temperatures of 233 K and 298.15 K, respectively.
First-principle Study
We calculated the interaction potential energy on hydrogen molecules and SWCNTs using abinitio calculations performed at the MP2 method level (Møller & Plesset, 1934) , def2-TZVPP basis-sets were performed with a PSI4 package (Turney et al., 2012) . The SWCNT structures were simplified into a cluster model, as shown in Figure 2 , to reduce computational costs. In this cluster model, the SWCNT is simplified into 24 carbon atoms. All carbon atoms located on the edge of the model are saturated with hydrogen atoms to put the system in a closed-shell (Mahdizadeh & Goharshadi, 2014) . In this study, we calculated single-point energy at various distances between the SWCNT wall and molecular center of hydrogen. The hydrogen molecule was placed above the center of the SWCNT's hexagonal structure (hollow site), since this is where the strongest interaction configuration between hydrogen molecule and SWCNT occurs. The illustration is shown in Figure 2 . The interaction potential energy between hydrogen and SWCNT is calculated using the following equation:
(1) Figure 2 Cluster model of hydrogen physisorption on SWCNT (10, 0) for first-principle study Since the smallest SWCNT that can be synthesized is 3 Å, we chose a (5, 0) zig-zag SWCNT with a diameter of 3.9 Å. Several SWCNTs with larger chirality and diameters were also investigated to collect a sufficient amount of data for regression (see Figure 3) . We considered zig-zag SWCNTs of chiral vector (5, 0), (10, 0), (20, 0), and (40, 0) respectively and a relevant diameter D of approximately 1.95, 3.9, 4.85, and 9.7 Å.
We used a force-matching method to approximate the interaction potential energy parameters on carbon and hydrogen molecules. Hydrogen molecules were modeled into isotropic or united atom models. The hydrogen atoms on the edge of SWCNT cluster models were neglected in force-matching calculations based on the assumption that it does not contribute much to the interaction potential energy (see Figure 4) . 
RESULTS AND DISCUSSION
Toth Monolayer Adsorption
Based on the theory of monolayer adsorption of kinetic reaction, the Toth isothermal equation can be derived as follows (Do, 1998) 
where b represents a Langmuir constant, α is the sticking coefficient, and t is the parameter of adsorbent surface heterogeneity characteristics. Figure 5 shows the monolayer coverage value of several SWCNT types at pressures ranging from 1 to 3.5 MPa (Takagi et al., 2007) . Figure 6 reveals that the potential energy interaction will increase as SWCNT diameters increase. This also means monolayer potential energy of SWCNT outside areas is proportional to the diameter, though not very significant. The quantum mechanics method showed the adsorption energy for SWCNT external parts is between 1.35 and 1.62 kcal/mol. The lowest interaction potential energy occurred at (5, 0) SWCNT (i.e., 1.316 kcal/mol), while the highest is 1.618 kcal/mol in (40, 0) SWCNT. Han and Lee (20014) also performed calculations on the adsorption energy on the (10, 0) SWCNT using density functional theory. They obtained a value of 0.792 kcal/mol on the outside of the SWCNT. This is much smaller than our result (1.7 kcal/mol).
The left side of Figure 6 shows the reverse phenomenon; the magnitude of the monolayer potential energy value on the SWCNT interior is inversely proportional to the SWCNT interior diameter. The range of values is wider on the SWCNT exterior, which is between 1.22 and 2.43 kcal/mol. The value of the lowest interaction potential energy occurs at (40, 0) SWCNT (1.78 kcal/mol), while the greatest interaction potential energy occurs at (10, 0) SWCNT: 2,433 kcal/mol. These results are relatively similar to the investigation conducted by Srinivasu and Ghosh (2011) . They reported 2.2 kcal/mol, which is slightly lower compared to the investigation using computational design reported by Jhi and Kwon (2004) , around 2.86 kcal/mol.
The (5, 0) SWCNT has a different characteristic than other SWCNTs. At (5, 0) SWCNT, the adsorption energy is much higher. This shows the hydrogen molecules cannot enter the interior section. From the investigation, the value is not significantly affected by the SWCNT diameter. In general, the is 2.9 Å at interior and 3 Å at exterior. These values correspond to the those published by Jena et al. ( 2011) , between 2.5 and 3 Å, and Gordon et al. (1999) : 2.96 Å.
From the calculation on various SWCNT types, the adsorption heat (Q) is 2,317 kcal/mol and the adsorbent characteristics values are 0.56 and 0.265 at temperatures of 303 K and 77 K respectively. Empirically, we can also calculate the sticking coefficient of the adsorbent (α) for 0.101 and the value of maximum adsorption capacity wt% max of various SWCNTs. The adsorption capacity wt% and the SWCNT SSAs can be read directly from the available data.
Based on several adsorption thermodynamic parameters, the theoretical monolayer coverage on SWCNTs can be calculated. Figure 7 shows the SWCNT with a diameter of 6-7 Å has the greatest monolayer coverage, with an interior of 0.8-1 and exterior of 0.53. The amount of monolayer coverage is shrinking according to the greater diameter of SWCNT magnitude. The asymptotically increasing diameter goes towards 0.6 at the interior and 0.4 at the exterior. The relatively small monolayer coverage values are one explanation why the hydrogen adsorption at SWCNT is still a difficult target to achieve by setting the DoE at room temperature. SSA is the most important characteristic in the adsorption process involving porous solids. In this section, the SWCNT SSA value is analyzed as a function of the adsorption heat (Q). This is
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From Figure 8 , we can see that the SWCNT exterior SSA (SSA ext ) decreases as the SWCNT diameter increases. Meanwhile, the SWCNT interior SSA (SSA int ) increases as the SWCNT diameter increases. As the SWCNT has a diameter of up to 35 Å, the SSA int is always smaller than the SSA ext . The SSA ext will asymptotically decrease towards the value of 1,400 given a greater SWCNT diameter. The SSA int will asymptotically increase towards the value of 1,200.
However, the value difference between SSA ext and SSA int does not reveal many characteristic variances. Ultimately, the total SSA is the influential factor. The figure shows the SSA value is not affected by the size of the SWCNT diameter, which is an average 2,600 m 2 /g.
Hydrogen Storage Capacity of SWCNT
The proportion of the adsorption capacity between the interior and exterior is interesting to observe. Figures 8 and 9 show that adsorption capacity is proportional to the SWCNT SSA ext and SSA int . At a constant pressure adsorption capacity, the interior increases along with the increasing temperature and increasing SWCNT diameter. The opposite phenomenon occurs for the exterior; the adsorption capacity increases with decreasing temperature and shrinking diameter. Ambient pressure to the adsorption capacity of the interior is always smaller than the adsorption capacity for the exterior with a temperature below 93 K and a SWCNT diameter smaller than 68 Å. A higher temperature and lower pressure are obtained proportionately to the wt% of the interior. Exterior SWCNT parts behave in the same way when the diameter decreases.
(a) (b) Figure 9 (a) Hydrogen adsorption capacity compared to SWCNT diameter; (b) Maximum adsorption capacity at 77 K. Maximum adsorption capacity at 300 K At room temperature and ambient pressure, there is almost no hydrogen adsorption on the SWCNT exterior. This indicates the presence of hydrogen on the SWCNT interior, not because of the adsorption energy, but due to the effects of capillarity SWCNT. With an SWCNT diameter of up to 35 Å, interior adsorption capacity is always smaller than exterior adsorption capacity. Figure 9a shows the adsorption capacity of various SWCNT types in the pressure range of 1-10 MPa at a temperature of 233 K and 298.15 K. Figure 9b reveals that the influence on the adsorption capacity diameter gets smaller with a lower temperature and higher pressure. At temperatures of 233 K and a pressure of 10 MPa, a maximum adsorption capacity of 1.75 wt% was recorded on the SWCNT's 8-12 Å diameter. This result is close to the research study conducted by Cheng et al. , that the maximum adsorption capacity was achieved at a diameter of about 6 Å . With this diameter, higher pressures of up to 10 MPa can be obtained if the maximum adsorption capacity does not exceed 2 wt%. At room temperature, with any SWCNT diameter, and under moderate pressure, the maximum adsorption capacity is relatively small: only 0.02 wt% and 1.1 wt% at a pressure of 10 MPa.
CONCLUSION
With combined semi-empirical research, a theoretical approach, and force-matching methodology, the average SWCNT SSA value can be estimated (i.e., 2,600 m 2 /g). The SSA values do not correlated with the SWCNT diameter. With a range of temperature and pressure variations, an optimum SWCNT diameter of 8-12 Å was obtained. A maximum adsorption capacity of 1.75 wt% at temperatures of 233 K and a pressure of 10 MPa was estimated at the diameter. At room temperature and under a pressure of 10 MPa, the maximum adsorption capacity was 1.1 wt%. These results still do not meet the target set by the DoE, so an investigation is necessary to modify the structure or add elements to the SWCNT. This will hopefully improve the outcome.
ACKNOWLEDGMENT
We gratefully acknowledge the support of this research by the Directorate General of Higher Education, Ministry of Education, and Culture of the Republic of Indonesia through their research funding program: Hibah Bantuan Desertasi Program Doktor 2014.
